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IMAGE DEGRADATION IN AERIAL IMAGERY DUPLICATES 
Introduction 

Investigators working with JSC Earth Resources Aircraft Program {ERAP) 
imagery seldcwi have access to original camera films for analysis. They 
work with either a second or third generation duplicate. 

The procedure for investigators to obtain duplicates, until recently, 
was specification of a second generation duplicate (made directly from the 
original) which was made and delivered by JSC. The current procedure calls 
for many Investigators to order their duplicates from the EROS Data Center 
(EDC) in Sioux Falls, South Dakota. 

JSC delivers a second generation duplicate, to EDC therefore many investi- 
gators would receive a duplicate of that duplicate, a third generation copy 
of the original test film. 
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SIGNAL^! 

PROCESS 


PHOTO. 

DETECT 


OPTICS 


ACCELER 

NOZZLE 


Lach of these will be described new. 

I. Laser: this is a standard ccxTncrcially available lew power ('V'linw) 

continuous wave He-h'e laser. Its cost is less than OhOC. 'I’his laser 
f,ives sufficient intensity with careful optical desip.n to "see" (J.U61 
U particles, by actual lir.ht scattering, measurerriunts. (Mo srruller 
aerosols -ire vet available in this laboratory.) It apjjcarri that the 
sittial to .no’.se ratio with 0.481 p particles will allow dt.toction of 
0.2 p fjarticles without significant sifyial nr-ocessinp, (i.e. , usinp. 











only a low-pass filter). 


irus iimi-c, 







processing, can be extended downward by simply increasing the power 
of the laser. It^is, however, better to extend the lower limit by. 
Bore sopiiisticated signal processing, which for reasons to be givenD 
later arc not possible in conventional light, scattering. 




II. Optics and Photomultiplier 


9^V. REFLECTIVE 
38% A beam I 


BEAM ^ 
SPLIT! 


PARTICLES 






This optical system is a heterodyne system. That is, information 
about the velocity of the accelerated particles is gleaned from rhe 
difference in frequencies betisreen the light scattered from beam 1 and 
that from beam 2, when the two are mixed in the optical system, following 
the particles. A blow up of the intersection of beams 1 and 2 is given 
below. a 


■mm 
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From the sjxicial theory of relativity^ tiie Doppler fixjquency is 

1/2 

Y = YqC( 1 + v„ /c)/(l ± Y„ /c)] 

for away /toward where y is the frequency o.' light received, y^ 
is the frequency of light of the source, v„ is the speed of 
the moving receiver (or source) in the direction of the light 
beam and c is the speed of lig)it in a vacuum. Vte compute the 
frequency of light recei' Kl by the scattering particle due to 
this Doppler shifting. 

For beam fll, the particle l\as a velocity v,. = v cosOj^. 

Hence the frequency tliat is received by the particle due to beam 
#1 is 

/ . 1/2 
- YqLCI ♦ V COS4)^)y/(l - V cosO^)] 

c c 

(the pair of sign t)iat are chosen are due to the particle’s movL'-ig to- 
ward the source ) . 

For bec'T »2, the received signal similarly is 

1/2 

Yj = Y„[(l - V cos4>2)/(1 + V cos4>2)] 

c c 

Some simplifying algebra, plus the excellent approximation v^/fc^v;l 
so that ^ can be ignored with respect to 1 permits writing 

C2 

y, = y (1 + V coscfi ) 

1 O J 1 

. Y2 = " - cos({)2) 

c 

Ihe particle now scatters these two frequencies, but the scattered light 
is also Dcpplcr shifted, and in tliis Doppler shifting the "yQ" is the 
y^^ or y2 received ircm the origin^il laser source. Hence for beam "a” 

1/2 

Yj' = y^^CCl + V cos({>.)/(l - V cosO^)] 
c c 

wlvich wlien tlie exjnession for y^^ above is ntiljstituteJ , lecomos 

y ' = y^(l + v cos<J»j^)(] + v cos(J)^) 

1 c c 


r. 


Of 


0 




- / 


terms onttlw ordcr^of v* with rcci^ct to unity arc if/iorcd. 
o B ^rr 


1 


Similarl'y when we consider the lip.ht scattered from beam il7 in 
the direction of beam a, we get to t^ie same approxinvition 





T2' = Tod - V cos({)2)(l + V costt)^) 

The subsequent optics combine tlicse two beams and ''Licat" them together 
giving the difference frequencies* into the photomultiplier (p.m.) 

Hence the^ signal to the p.m. is 


\k 

'J 


* - 


Y2’^= (1 + V cos(()3 + V cos4>]^ + V cos^jTO^2^ 





6 


XlXr Particle Accelerator^,. _ 

It is desired here to accelerate particles in si^h a vay that 
■Oie final velocity of these particles is sc»ne known furrction of their 
size. Thus we can measure this final veloci*^ using the heterodyning 
tec^mi^e described above, and COTsequ^tly infer particle size. 

There are some tJffioretical difficulties here. The transport 
of particles by a gas stream e.g. throu^ a nozzle accelerating the 
gas flow has not been settled in the literature, i.e, one using 
different treatments, gets different results. Thus I will report 
the unpublished results of Yanta, which he has checked against 
©qjeriments for spherical particles, that are accelerated through 
a small supersonic rKDZzle, such as shown in Appendix I. These 
results are seen in the following graph, where on the ordinate 
has been plotted the particle velocity, and on the abscissa, the 
diameter of the particle in microns. Thus in use one would measure 
Ihe frequency, perform the calculation indicated in the above 
equation to find v, go to the graph or interpolate into the tables 
from which the graph came, and find the corresponding particle size. • 
These results were canputed for spherical oil droplets of density 
assumed equal to 1 gm/cm^. We are currently working on still smaller 
nozzles, whdch will provide for higher liach numbers achieved in 
shorter distances. The one currently under construction v;ill be 
capable of imparting to the gas molecules accelerations up to 9 
million The particle lag and therefore the particle size 

differentiation should be significantly greater than shovmi below 
in the Yanta work. 



it is ijT^rtant to the 1 ©n/cin^ assunftion. In effect it 
states that the particle size deterraihiei iy this 
of the. equivalent sphere of density 'Vl pn/cm* . This is a limitatioi 
iTi this method but perhaps not as serious a <^e as say, the assunpticn 
»jBde in oonventic^al light scattering of the atinospherie aerosol 
havii^ the same index as the calibrating polystyrerH 2 . To see this, 
we need refer to one of the published tlieories for the Dynamics of 
Dusly G^es^. 


.tlVa® = (X. 5 


C Y p di; 


%Aiere u is the first ordiir CeJculation of t^«i difference te''.^-.in 
the gas®velocity and the particle velocity, called the particle slip, 
a® is the speed of souiKi at tte. point of roeasur^fRent of slip velocity, 

Y is the average ratio of specific heats, for air ''•1.4, X,, = ra/Sirau 
wliere m is the particle mass c is the stokes radi' s , is viscosity 
of air, p is tl^ pressure of the gas, and c is tt« scaled length, x/L, 
L being the total length and x is the distance alcaig the nozzle. Sub- 
stituting into this expresrion typical values for viscosity, velocity 
of sound, etc. , v;e have at x = L 


= 2.2 X 10*m Uq Ap 
O L ”p 


v^iere Ap is the pressure difference across the nozzle and p is the pressure 
at x = L, and u^ is the gas velocity at the same point x = L. 


Let us now assume a spherical shape for the particle . This is not a 
serious limitation as we are interested in the equivalent spherical shape 
for aerosols in their propagation studies, etc., specifically their pro- 
pagation in aerodynamic situations, e.g. flow, dispersion, and passage 
throu^ the human respiratory system. Hence we can '-nrite 


( 1 ) = 


4 to’p Uq Ap 
Lp 




2.2 X 10», or 


= 9 X 10* Uq ^ 

4> 


Now v 5 ’Jq - (Uq - v) 


V = Uq - Ug^^V 


Hence 


V = UqCI - 9 X 10* ^ o^p), which we can oembine with the heterodyne 
equation at the bottom of page 5 to get for the spherical (Stokes) irodius: 
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^ 9 >« 10^ 9 X 10*^ cos<^2J 

It is iii?)ortant to see that oa so the effect of the density ^riatitoi 

is greatly diminished. (The "error" is divi<kid in half as opposed to bein£ 
doubl«i as is dcmc in oonvcntiaial lij»ht scattering.) It must be pointed 
out, however, that this dependence on may introduce sij?\if leant 

errors especially in aerosols of the b^vy metals. 

IV. Sigpal Processing. 

tbdoubtedly th^ strcaigest asset of the LAE6 with respect to convN^n- 
tional lig^it scattering is the fact that the signal output from a scattering 
particle has the size information in the form of a fixed frequency — is, 
tt»e frequency of the radiation varies as the size of the scattering particle 
This IS xn contrast to conventional scattering in vdiich the amplitiide of 
the pulse of radiation is proportional to the particle size . 

Because of a wide band pass amplifiers must be used in co-tventional 
li^t scattering (in order not to destroy the pulse-height size infonration) 
one is limited in \iltimate size because the small particles begin to Icok 
like the dark current noise, and the size information is lost in tliis noise. 

In contrast, the LADS signal may be anplified by a ver/ narrow band 
pass amplifier without losing any of the signal size information, but 
cutting put most of the noise. Consequently the signal to noise ratio 
is greatly enhanced am the ultimate particle size can be extended dev^i- 
ward most significantly. For example, vath the current IAD3 and s<xe 
differencing of signals, preliminarily studieci,the unprocessed signal 
to noise ratio for 0.481y particles is about 6 or 8 to 1, witli processing 
by using a narrow band pass amplifier, the signal to noise ratio is 
ijrproved at least 10-fold. This implies that the ultimate size which 
can be studied is on the order of about 1/10 of what can be studied in 
conventional light scattering, if the only limitation is due to detectibity. 
Note, however, the smaller pari:icles ai'e significantly more difficult to 
accelerate, and therein might lie the preponderant limitation in the method. 
Presently, th.en, using the supersonic nozzle described in Appendix 1, the 
lower limit on size seems to be 0.25u. If this nozzle is scaled da-n in 
size, as with the new nozzles there is no apparent rcasoii v^^5y particles 
as snail as O.lu and {xsrliaps smaller cannot lx> accelerated to tlwr speeds 
necessary for neasuiumcnt . 

Some mention lias been made previously alx)ut processing tlie sipn'-'il 
from tlM 2 pliotomultiplicr. It seems that a simple, yet very sensitive 
pixx:cclure is to use a radio receiver V\’hid» ba;i its output cmuiected to 
a coLB^ter. Tl\c arrangement is seen in block below. 




As a particle of a paorticular size- comes through tJ^ nozzle«the 
outpit is as ^K>wnt i.e., a pulse modulataJ sinusoid, piis is very 
preferentially anplificd by the narrow band pass amplifier (the 
receive) and the doiodulated output-- a pulse — is fed into the comter. 

If the flow rate Is known ard the counter is set to count for a fixed 
tijne, the nuihber of this particular aerosol per unit volume, can thus 
be accio’ately, sensitively and inexpensively determined. This method 
is sonevhat restrictive in that the scanning m.ist be manually performed, 
i.e., a certain frequency is "dialled" and the counts are made. If, 
however, the receiver is modified sli^tly, replacing the tuning capacitor 
with a varactor, the tuning can be done electrically by a small potential 
Change, neking scanning prograimiable and automatic. It seems possible 
to replace the counter/ scaler in this later scherre and use an x-y plotter. 
On the y-axis would be plotted the number of counts, on the x-axis the 
potential across the Vciractor, whid t would indicate the frequency of the 
scattering particle , whid. vxsuld indicate its velocity , ^v?hich. in turn 
would indicate its size. Consequently a count versus size plot could 
be printed out virtually in real time, autcanatically. 


Facilities available for the work; 

The Physics Dcp>artmcnt occupies about 5000 square feet in the 
basement of the Instructional Laboratory building. V/c currently 
have available for research approxijikitcly 050,000 worth of test 
equipment. Also compenents, amplifiers, power supplies and oscil- 
lators which originally amounted to $230,000 when they were assembled 
into a radiometer the Department evaluated now belong to the Depart- 
ment of Physics, Additionally, vje have a complete machine shop 
including lath.e, milling machone, drill press, gi'irdcr, {>ower hack- 
saw, bolt Sander, etc. A3.so we have two complete high-vacuum system::, 
one of which can serve as vacuum evaporator for aluminizing mirrx>rs, 
etc. Finally our advanced laboratory which is used i'onrkilly in 
instruction of our advanced students provides on a loiin basis 
ariother 050,000 worth of sophisticated equipment to include counter 
scalers, power supplies, and the like. Curn-ii^tly there is an unused 
laboratory of approxinately 720 square feet available for this 
project. 
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STA1US OF THE VOHK: 

■ Araxjsbl ^eheral^c^^ 

tssentially the entire LADS system has been cc^leted but the callbrati^i 
and checking is not yet finished. To do this requires generation of kncvm-size 
test aerosols. We are currently using two aisrosol generators seen in the figures 
below. One (on the left) is singly an aspirator of water suspended aerosol 




particles (latex spheres available from Dow Chemical Corporation). While 
electron nd.crographs of these aerosols sk3W fppeat hcmogeniety, in practice 
because of the electrostatic attraction, dimers and higher combinations are 
generated, and the aerosol loses its required monodispersed quality. Also 
vater droplets tend to be atcxiiized and while drying is attempted (in an agitation 
tube where the aerosol is mixed with nitrogen), it is not always successful, and 
another source of extraneous aerosols is introduced. Additionally the water 
vapor tends to freeze into small ice crystals upon experiencing the large 
tenperature drop upon passage through the supersonic nozzle, causing further 
problems. 

For these reasons ■^he generator on the ri^t has been constructed. It 
is a modification of the generator of Liu et. al.^ in which aerosols are 
generated by condensation of vapor on inpurities in the original Di-octyl 
phthalate (DOP). 

The size of the aerosols thus formed is determined sensitively by the 
percent volume concentration of DOP in alcohol in the collision atcmizer and 
not so sensitively by the temperature, of the nichro.ne heater as shown. We 
have successfully used this system to get aerosols from about 0.05 y to several 
micrometers diameter. This system has many advantages over the sinple aspirator 
syst^, a very in’portant one being tliat alcohol instead of water is used, greatly 
eliminating the problems of small droplets and ice crystals which give extraneous 
aerosols in the aspir'^tor generator. 

because ths homogeniety of the aerosols formed in the cond'snsation generator 
it is possible to check the size of the aerosols being generated by an optical 





n 


"cjwij” in the fi^e on tihs ri^t. Hero the 

a^sols to be checJ^ ror freiirtfii topp 

scatter* collijiiated li^t to a right angle prism 
iMdi may be rotated abait a vertisal axis to any 
«Tgle of scattering. Tyndal scattering taJ«s plaM' 
arid if cne rotates tiie prisn sfKi attac^%d eyepiece 
\sfitil the Tyndad red scattering ’’line” is csbtained* 
he oasi use relatitxiship 



Dp = 1O0-^*’ 


vdiere Dpis the diameter of the particle in micrcais aixi 0 

is the scattering angle in degrees at vdiich the red scattering line is observed. 
Actually a sharp line is not seen, rat3x*r a broad (a cxiuple of (tegrees broad) " 
regirai of pinkish red is observed. One can estimate the middle of this regicsn 
to about one decree, makir^ ratings for Dp to be precise to about +. 2%. Thus 
from the data reported by Liu et.al.fca? given ooncentratiais of DOP arvl givQi 
heater voltages, one can predict the apiatsxijnate aerosol size to be ga^rate^ . 
This <can thoi be checked as the aerosol is passed through the "owl.” In tb^ 
one size range under study, the theory of Liu et. al. praiicts 0.61 p + O.'J- .; 
diameter particles, and the "owl" measures 0.61 p + 0.012 p. Tte agreement 
excellent . 


Nozzle development : 

It has been observed that the ncLzIe shown in ^poridix I requires an 
ijipractically large mechanical pun^ to reach the requisite pressur’e ratio for 
the Mach 5 flow vhich is desired. Two alternatives have been used: a) a ballast 

tank — here a tank of about 0.5m^ was found, cleaned and checked for vacuura tight- 
ness. It was found to be able to hold a vacuum of 5 or 6 x 10“^ mm Hg. In use 
the ballast tank is pumped down to its ultimate vacuum and then the system 

is closed off. The evacuated ballast tank is then connected to the Mach 5 nozzle, 
and the pressure ratios required for Mach 5 flow should ensue. However, tre have 
not been able to find partici’es moving at Mach 5 speeds, when this metb^ is 
used. Also the "run" lasts only 20 or 30 secaonds, with a time delay for the 
next run of frcra 15 to 20 minutes as the ballast tank is I’e-evacuated. Addition- 
ally the tank itself beccmes coated with DOP or polystyrene aerosols, ireking 
subsequent "punp-downs" even more time consuming. Because of these difficulties, 
a family of nozzles has been designed with very small throat diameters. These 
are very intricate and the techniques of drilling holes of 0.0135 in., with 
conical tapers had to be developed. This was done, however, and satisfactory' 
supersonic nozzles of the type seen in Appendix II were developed and used. 

With these very small supersonic nozzles, it is unnecessary to have the ballast 
tank, eliminating the number of .difficulties cited above. Vte do have the 
diffi-culty of not havirig a very large fore pump. With the system of nozzle 
and fore pump we have available, it is possible to get continuous lac'h 2.7 flow. 

This is most satisfactory as it allows for continual adjiistments to be- made on 
the system, checking for alignment, tuning of the receiver, etc. ffourcver in the 
final configuraticn of the system higher Mach flows will be required. 'Ihcse can 
be achieved by either having higher speed pumps or using the ballast tank procedure. 
If the latter is chosen, rtms greatly in excess of ?0 or 30 seconds will be possible 
becaute of the relativei.y small apertures of the nozzles now in use. After the 


lPMI!'liiliitl'W!ll«tiiS!«ISl|||l|!liii:ils':!ftM!l»iiPijiiBBllW<^ 


ali gn me nt f tuningf-^tc? r t h e n t » t being able t o b bx 

continual measurements and being ji?equi^^ to "eycW will not be a serious 
piroblem, as , measiarem^ts could be nade e^^^y fifteen mimtes. , Use of: 13ie 
ballast tank would obviate tbsTjeed foe* ^-large^ it^hani^l 

punp) and thus it is t}% preferred mel^iod foe* the fjynal- 


in this report. These be ^en pi the‘"fllf#e Off tfieSigieeT refs^e^ts 

the t.xjrd ’’oscilloscope’*). Hare it is impo^ant to have us^ an^lifiers with larpven 
high frequency response. A good bit of trouble 

was eoeperienc^ ecriy in the work vdien the high <0 i ■ ■■ - i i-" ' p— 

frequ^Tcy cen^xs^u of the sdgnal w^ lost--Jn a *- 

linecu? anplifier. It is reconmended that a "" ^ 

r.f. bscillatcsr capable of putting out the - *<— i - . ..■■■ J I. ., * ■ - ■■.. J iy 

expected hetrodyrte be used to simulate the t , inn . —| , 

signal to be- aiplified. The disa?indnatGT ‘ L 

is used to screen out the low level noise, oscr. -“Ixxsmter 

not represantir^ particles of the size L,,..., J L— ; — 

being studied. 


rsecR. 


ft^iminary re^ts ; Seal in the figure on the ri^t are sore of thd frequency 
versus counts da^ for 0.61 micron sized particles. The theoretical peah occurs 

at 31 MHz; the actual experimental peak is szen ^ • 

to be close to the theoretical value at about 

31 Mfe, with a half-width of about iC r®z. It • „ 

is not known why the width is so large, nor 

has >een any attempt to take data at \ 

diffemit points along the flow, f^ch work / \ 

needs to be done here as vrell as taking data I « / \ 

as a function of differrait positions in the * / \ 

flew. (The present nozzle and test chamber ! m / \ 

can be moved in 3 orthogonal directions • / \ 

with respect to the intersecting beams, *• \ \ 

so that readings can be irade at any place / \ 

in the flow. ) L 

m m m u 

Sunmary : '"** 

An app^atus for particle size measurenents has been constructed which ob</iates 
most of the limitations of conventional li^t scattering: it does not dejjei^d on the 

index of refraction of the aercsol being measured (it does depend in an insensitive 
v^y upon the aerosol density) , it has significantly smaller particle size study 
capability — perhaps down to 0.1 y particles, and it is relatively inexpensive 
allowing deployment on a wide scale for continual monitoring of the concentration 
and size of the atmospheric aerosol at specific sites. 

The ^apparatus has been tested for a single size aerosol. What is needed 
further is calibration, further’' testing, and remote deployment. As a major alter- 
nate energy source seems to be coal, rather noted (infamous) for its particulate 
emissiOTi, small-particle particulate monitoring becorres even more important than 
it has been ^ tlx* past. Further, this monitoring must be essentially in real time 
as high particulate emission needs to be curtailed rapidly to preclude serious 
wide-spread respiratory afflictions. The present apparatus my well offer these 
capabilities. . - 
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MACH 5 NOZZLE 



MACH 2.7 NOZZLE 

PexiT /Po = 0.0423 
EXIT RADIUS 0.01212" 
THROAT RADIUS Q.00675" 



AXIS OF SYMMETRY 



